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Postulation of the Thesis 
Correct understanding of functional properties of nonstoichiometric compounds, 
such as titanium dioxide (TiO2), requires knowledge of both intrinsic and extrinsic 
defects in addition to structure and chemical composition. The aim of present thesis 
is verification of this postulate through studies on the effect of point defects on 
photocatalytic properties of TiO2 and its solid solutions with tantalum. Confirmation 
of the postulated effect will pave the way in the development of new generation of 
solar materials using defect engineering. 
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Abstract 
The demand for energy is growing with the development of the technology. At 
the same time, an increasing awareness of the impacts of climate change imposes the 
need to develop new technologies for energy sources that are environmentally clean, 
such as solar energy. One of the most common research strategies of solar energy 
conversion is light-induced water oxidation. The discovery of Fujishima and Honda 
[1] on the use of titanium dioxide, TiO2, photocatalyst in water oxidation paves the 
way for a new generation of solar materials, oxide semiconductors.  TiO2 seems to be 
the promising photocatalyst owing to its high chemical stability in water and strong 
reactivity with water leading to its oxidation [1-3]. Since the discovery of TiO2 
photoelectrode for its use in light induced water oxidation [1], intensive studies have 
been devoted aiming at processing TiO2-based materials with enhanced performance. 
TiO2 exhibits relatively large band gap (3 eV for rutile and 3.2 eV for anatase) which 
limits its sunlight absorption. Therefore, the common research strategy is reduction 
of the band gap to a lower value that is required for efficient light absorption [4]. 
Awareness is growing, however, that the solar-to-chemical energy conversion is 
influenced by a range of alternative key performance-related properties, KPPs, 
involving the population of surface active sites, charge transport and Fermi level, in 
addition to the band gap [5].  
The common conceptual approach for processing an efficient TiO2 photocatalyst 
is based on the perception that the band gap width is controlling the performance. 
However, photocatalytic properties of TiO2 also depend on structure, chemical 
composition and surface properties as well as alternative phases attached. Awareness 
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is growing, however, that proper understanding of TiO2 properties, involving its 
photocatalytic performance, requires recognition of the effect of the structural defects 
on its light-induced reactivity and the related solar energy conversion. Therefore, 
there is an increasingly urgent need to understand the effect of defect disorder on the 
properties of TiO2 and its photocatalytic performance. This is the objective of the 
present PhD project.  
The specific aim of this work was to understand the effect of donor type extrinsic 
defects, imposed by tantalum, on properties and photocatalytic performance of TiO2 
and explanation of the effect of tantalum-induced defect disorder on bulk vs. surface 
properties of Ta-doped TiO2. This PhD considered several research components 
addressing specific objectives involving semiconducting properties and 
photocatalytic performance.      
Semiconducting Properties. Charge transport is one of the key performance 
related properties for efficient solar-to-chemical energy conversion. This property is 
closely related to the defect disorder of the material. It is very important to 
understand the transport of charge carriers from the site of their generation to the 
reaction sites, which is the solid/water interface. This work studied the 
semiconducting properties of polycrystalline Ta-doped TiO2 (0.39 at. %) in terms of 
the measurements of electrical properties (electrical conductivity and thermoelectric 
power) in the temperature ranges 1173 – 1323 K in the gas phase of well-defined 
oxygen activity (10-12 – 105 Pa). The effect of oxygen activity on the electrical 
properties was discussed in terms of defect disorder. It was shown that tantalum ions 
were incorporated into the titanium sublattice of TiO2 and formed donor-type levels. 
The results were used for derivation of defect disorder model.  
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Photocatalytic Activity. This research component considered photocatalytic 
performance corresponding to light-induced partial water oxidation. The oxidation 
reaction takes place at the solid/water interface. Therefore, understanding of the 
reaction mechanism of TiO2 with water is required in the development of an efficient 
TiO2–based system. In this work the photocatalytic performance of Ta-doped TiO2 
was tested by oxidation of methylene blue (MB). The obtained results were used for 
(i) understanding the effect of tantalum on the photocatalytic performance of TiO2, 
and (ii) deriving a theoretical model that could explain the mechanism of partial 
water oxidation. The research was conducted in partnership with (i) ANSTO 
providing its unique facility of proton-induced X-ray emission, PIXE, as well as (ii) 
RMIT University offering the surface analysis facility.  
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Thesis Organization 
The thesis is organized in a sequential and logical way in an effort to achieve 
specific goals. 
Chapter 1 provides brief background on photocatalytic solar-to-chemical energy 
conversion through light-induced water oxidation by titanium dioxide, TiO2. The 
chapter also formulates specific aims of the project.       
Chapter 2 includes definitions of basic terms used in the thesis.  
Chapter 3 considers the effect of point defects on photocatalytic properties of 
TiO2. The focus is on the electrical conductivity which is a typical defect-related 
property. This chapter also includes the progress of work on surface vs. bulk 
properties of Ta-doped TiO2 and the related impact on photocatalytic activity.  
Chapter 4 considers the different experimental procedures aiming at the 
determination of photocatalytic properties and the associated defect-related 
properties, such as charge transport and electronic structure.  
Chapter 5 includes results and discussion. 
Chapter 6 provides a summary of the thesis and the related conclusions. 
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CHAPTER ONE 
1 Introduction  
The need for energy is rising globally. There is an urgent need to develop new 
technologies for new types of energy to meet the demand. There is a growing 
consensus that the intended new energy sources should be environmentally friendly 
such as, solar energy. The main stream of research in solar energy conversion is 
focused on photovoltaic solar cells that are based on silicon technology. The progress 
of related technologies, which is advanced, has resulted in a decrease in the costs of 
photovoltaic electricity and made solar power competitive to the energy generated 
from fossil fuels. This competitiveness, has led to an explosive deployment of solar 
cells on the global scale, and is expected to reduce the use of fossil fuels in energy 
generation and, ultimately, lead to reducing climate change impacts.     
An alternative stream of research in solar energy conversion aims at developing a 
new generation of oxide materials, photosensitive oxide semiconductors, POSs [4-
16]. Their advantage, over silicon, is their high corrosion resistance in water, low 
cost and wide range of applications such as photocatalysts and photoelectrodes for 
M. A. Alim Chapter 1  Page 7 
 
 
 
solar energy conversion via water oxidation. The related applied aspects involve the 
generation of solar fuels [8, 13, 17-22] and water purification using sunlight [15, 23-
27]. An additional attractive application of POSs is in dye sensitive solar cells, 
DSSCs [6, 12, 28-31].  
The concept of solar-to-electrical energy conversion is based on the light-induced 
ionisation over the band gap which results in the generation of an electrical signal.  
Therefore, solar-to-electrical energy conversion is determined by the band gap and 
the associated ability of solar materials, such as silicon and valence semiconductors, 
to absorb sunlight. 
The electronic structure of silicon, including the band gap of 1.1 eV, is optimal 
for its application in photovoltaic solar cells [32, 33]. The generated photovoltaic 
electricity may be applied for a secondary process of electrical-to-chemical energy 
conversion. This process, however, requires an additional device, such as an 
electrolyser for water splitting into oxygen and hydrogen. Alternatively, the solar 
energy may be converted into chemical energy in a single step. This kind of 
conversion is possible by immersing POS in water and exposing them to sunlight.  
1.1 Light-Induced Water Oxidation 
Oxide semiconductors are commonly applied for light-induced water oxidation, 
including either partial or total water oxidation. In both cases the oxide 
semiconductors react with water when they are immersed in an aqueous electrolyte 
and exposed to light. The reactivity is influenced by several factors, such as the light 
energy, the composition of the aqueous electrolyte in contact with the POS, as well 
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as the properties of the semiconducting oxide materials acting either as 
photoelectrodes or photocatalysts.  
The concept of partial water oxidation is based on the reactivity between the 
adsorbed water molecule and the surface of the semiconductors, such as TiO2. The 
first step in this type of solar energy conversion is light absorption. The concept is 
that the incoming photon, which has greater energy compared to the band gap of 
TiO2 photocatalyst, excites an electron from the valance band and creates an 
electron-hole pair: 
ℎʋ → 𝑒′ + ℎ•     1-1 
where e' and h• represent an electron and electron hole, respectively, in the 
semiconductor. The electronic charge carriers, which are formed at the light 
penetration distance beneath the surface, are then transported following diffusion 
mechanism from the site of their generation to the reaction sites that are located at 
the outermost surface layer.  
The light-induced charge carriers at the anodic sites, electron holes, react with the 
adsorbed water molecule which leads to the formation of active hydroxyl radicals: 
H2O + ℎ• ↔ HO∗ + H+    1-2 
The hydroxyl radicals have a very strong ability to react with organic 
contaminants in water leading to their oxidation and, consequently, decontamination 
of water.  
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The charge neutrality requires that the electrons are involved in subsequent 
reactions at cathodic sites with the oxygen dissolved in the water leading to the 
formation of superoxide species: 
O2 + 𝑒′ ↔ O2−     1-3 
The superoxide species, which also exhibit a strong oxidation power, have a 
substantial role in water decontamination [5]. 
The concept of total water oxidation is based on the reactivity between the 
adsorbed molecules and the semiconductor that is associated with multi-electron 
charge transfer. In this case, two electrons are removed from the water which results 
in splitting of the water into protons and gaseous oxygen: 
 H2O + 2ℎ• ↔ 2H+ + 12 O2    1-4 
The charge neutrality condition requires that the protons, which are formed as a 
result of the reaction expressed by Equation (1-4), are reduced to hydrogen: 
2H+ + 2𝑒− ↔ H2     1-5 
The photoelectrochemical water splitting requires a photoelectrochemical cell 
(PEC) with two separate electrodes, anode and cathode, immersed in an aqueous 
electrolyte. In this case, the gaseous products of water splitting can be collected in 
separate chambers.  
  A range of studies have focused to develop oxide semiconductors for total and 
partial water oxidation that allows efficient generation of solar hydrogen fuel and 
decontamination of water [8, 34-37]. The foundation of the research is based on the 
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concept that enhancement in light absorption of an oxide semiconductor by the 
reduction of band gap could result in an improve performance [35, 38-42]. However, 
an accumulation of experimental data attests that the reaction mechanism of water 
oxidation, either partial or total, is more complex.  
While the impact of the band gap on absorption of sunlight and the resulting solar 
energy conversion is obvious, awareness is growing that the conversion of solar 
energy into chemical energy conversion is profoundly influenced by a number of 
KPPs. These include the concentration of surface active sites, charge transport, 
charge transfer, flat band potential and Fermi level [43]. 
1.2 Motivation behind Titanium Dioxide 
Titanium dioxide, TiO2, is one of the most abundant materials on earth and has 
the potential to be used in a number of applications [44]. It is highly reactive with 
water, chemically stable in water, corrosion resistance and non-toxic. Usually, this 
material is extracted from rutile ore, minerals and ilmenite. It is important to note 
that, according to the United States Geological Survey in 2015, Australia supplies 
19% of the world’s demand of ilmenite and 41% of its rutile. Three different crystal 
structures exist for TiO2: (i) Anatase (ii) Rutile and (iii) Brookite. Amongst those, 
rutile is the most thermodynamically stable form of TiO2.  
Since the discovery by Fujishima and Honda [1] in1972 on the potential use of 
TiO2 in water splitting, a wide range of studies have been carried out to develop 
efficient semiconductor photocatalysts which can be used in environmental and 
energy applications. These include degradation of organic compounds from water 
[44-48], solar cells [49-51], gas sensors [52-55], air purification [56-58], and self-
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cleaning [59-61]. It is reported that the limiting efficiency for c-Si (crystalline 
silicon) solar cell is 29% [62].         
1.3 Aims 
This project is a part of the PhD program established at Western Sydney 
University (WSU). The research aims to establish a scientific background for the 
development of new solar materials for solar-to-chemical energy conversion. 
Awareness is growing that TiO2, its solid solutions and composition, is an 
interesting candidate for solar-to-chemical energy conversion. The performance of 
these oxide materials in solar energy conversion is determined by defect disorder and 
the related semiconducting properties [63-68]. This PhD project investigates the 
semiconducting properties of TiO2 and its solid solutions as well as alternative 
properties, such as defect disorder and the effect of segregation. Its focus is to 
understand the effect of tantalum on defect disorder, semiconducting properties, 
segregation and photocatalytic properties of TiO2.  
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CHAPTER TWO 
2 Definition of terms  
2.1 Introduction  
This chapter provides the basic terms used in the present thesis including 
photocatalysis, defect chemistry, defect disorder, defect-related properties, electronic 
structure, electrical properties, surface properties and optical properties. 
2.2 Photocatalysis  
The modification of rate of a photoreaction with the help of a catalyst is known as 
photocatalysis. In this process, an oxide semiconductor such as, TiO2 absorbs 
sunlight and promotes an electron from the valance band to conduction band when 
the energy of incoming photons is greater than the band gap of oxide semiconductor. 
The promotion of electrons from valance band creates holes which ultimately react 
with adsorbed water molecules and produce highly reactive hydroxyl radicals. These 
free radicals are able to degrade a range of organic pollutants from water.  
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Semiconductor photocatalysis is one of the most commonly followed strategies 
for the breakdown of organic molecules in water. It has been reported that the 
photocatalytic performance of an oxide semiconductor is influenced by a range of 
defect-related properties such as, concentration of surface active sites, charge 
transport and Fermi level in addition to band gap [5, 15, 43].          
2.3 Defect Chemistry  
It is well known that crystalline solids are defected. Atomic size point defects are 
commonly recognised defects in the lattice of a nonstoichiometric metal oxide 
compound such as, TiO2. These defects can be categorised in two groups: (i) intrinsic 
and (ii) extrinsic defects. Intrinsic defects include oxygen vacancies, cation vacancies 
and cation interstitials, which are formed as a result of interactions between the oxide 
lattice and gaseous oxygen. Extrinsic defects refer to defects related to the doping of 
metal oxide compound such as, TiO2 with an extrinsic ion such as, tantalum. All 
these defects are sensitive to the oxygen partial pressure at elevated temperature. It 
has been documented that defect engineering can be used in processing an efficient 
photoelectrode that ultimately results in enhanced performance in solar-to-chemical 
energy conversion [16, 64].  
2.3.1 Defect Disorder of TiO2 
The lattice of metal oxides, such as TiO2, involves atomic size imperfections 
(point defects), such as cation vacancies, cation interstitials and oxygen vacancies. 
When the defects form a dilute solution in the crystal, the mass action law may be 
applied to the reactions between defects. However, at high concentrations these 
defects form larger aggregates and complexes. The activities should then be 
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considered rather than the concentrations. The common way of expressing these 
defects in a nonstoichiometric compound is proposed by Kröger–Vink [69] and is 
shown in Table 2.1. 
The Kröger–Vink notation represents the related electric charge of defects 
compared to a lattice which is free of defects. This notation is a commonly agreed 
way to express the charge neutrality condition of a lattice. 
Table 2.1 Ionic and electronic defects in TiO2 according to the Kröger–Vink [69] 
notation. 
Description Kröger-Vink notation 
Ti4+ ion in the titanium lattice site TiTix  
Ti3+ ion in the titanium lattice site (quasi-free 
electron) e′ 
Titanium vacancy VTi′′′′ 
Ti3+ in the interstitial site Tii••• 
Ti4+ in the interstitial site Tii•••• 
O2- ion in the oxygen lattice site OOx  
Oxygen vacancy VO•• OO− ion in oxygen lattice site (quasi-free  hole) h• 
The formation or removal of defects can be described by the reactions between 
the oxide lattice and oxygen in the gas phase. Table 2.2 represents the basic 
reactions of the formation of both ionic and electronic defects using the Kröger–Vink 
notation [69].  
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Table 2.2 Basic defect equilibria in TiO2 and the related equilibrium constants 
according to the Kröger–Vink notation [69] (n and p denote the concentration of 
electrons and electron holes, respectively, and p(O2) is oxygen activity). 
 
 Defect reaction Equilibrium constant 
∆HO 
kJ/mol 
∆SO 
J/(mol.K) 
1  OOx ⇔ VO•• + 2e′ + ½O2 K1 = [VO••]n2p(O2)1 2⁄  493.1 106.5 
2  TiTix + 2OOx ⇔  Tii••• + 3e′ + O2 K2 = [Tii•••]n3p(O2) 879.2 190.8 
3  TiTix + 2OOx ⇔ Tii•••• + 4e′ + O2 K3 = [Tii••••]n4p(O2) 1025.8 238.3 
4  O2 ⇔ VTi′′′′ + 4h• + 2OOx  K4 = [VTi′′′′]p4p(O2)−1 354.5 -202.1 
5  nil ⇔ e′ + h• Ki = np 222.1 -44.6 
 𝐥𝐥𝐥 = [(∆𝐒𝐨) 𝐑⁄ ] − [(∆𝐇𝐨) 𝐑𝐑⁄ ]   
 
The concentration of the predominant ionic defects depends primarily on the 
imposed oxygen activity [70, 71]. In the reducing condition, the predominant ionic 
defects are oxygen vacancies, which are compensated by electrons. These electrons 
are the predominant electronic defects which lead to the formation of n-type TiO2 
semiconductor. On the other hand, at very high oxygen activity the predominant 
electronic defects are electron holes resulting from the ionization of titanium 
vacancies. Then TiO2 becomes a p-type semiconductor. The upper part of Figure 2.1 
depicts changes of concentration of both ionic and electronic defects with the 
imposed oxygen activity. The effect of oxygen activity on the associated changes of 
the electrical conductivity is shown on the lower part of Figure 2.1.  
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Figure 2.1 Defect diagram of TiO2 at 1073 K representing the effect of oxygen 
activity on the concentration of defects in both reducing and oxidising regimes 
(upper part) and the associated electrical conductivity (lower part).    
2.3.2 Defect Disorder of Ta-doped TiO2 
The mechanism of tantalum incorporation into the TiO2 lattice and the associated 
charge neutrality depends on the imposed oxygen activity at the time of processing 
[63, 72, 73]. In reducing conditions, tantalum has the tendency to enter the titanium 
lattice sites leading to the formation of singly charged ions and quasi-free electrons 
as represented by the following reaction:  
Ta2O5 → 2TaTi• + 2𝑒′ + 4OOx + 12 O2   2-1 
The charge neutrality condition for the above reaction is that the positive charge 
of the tantalum ions is compensated by electrons: 
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𝑛 = [𝑇𝑇𝑇𝑇• ]     2-2 
The mechanism (2-1) may be demonstrated by the measurements of the electrical 
conductivity. If the oxygen activity has no effect on the mobility term, the changes in 
the electrical conductivity are directly proportional to the concentration of tantalum. 
However, when processing occurs in oxidising conditions, the formation of 
positively charged tantalum ions in the titanium site is compensated by negatively 
charged titanium vacancies:   
2Ta2O5 → 4TaTi• + 𝑉𝑇𝑇′′′′ + 10OOx     2-3 
Then the charge neutrality condition of this reaction requires that: 
4[𝑉𝑇𝑇′′′′] = [𝑇𝑇𝑇𝑇• ]     2-4 
Application of the mass action law to reaction (4) in Table 2.2, at the condition 
(2-4), allows the following expression for electron concentration: 
 𝑛 = 𝐾𝑇 ��𝑇𝑇𝑇𝑇• �4𝐾4 �1 4� 𝑝(𝑂2)−1 4�     2-5 
In this case, the electron concentration depends on the content of tantalum and 
oxygen activity with the exponent of -1/4. If the mobility term is independent of 
oxygen activity, then differentiating log σ vs log p(O2) gives a slope of -1/4. 
When oxygen activity is extremely low and the concentration of electrons 
generated by ionisation of the intrinsic defects becomes substantially larger than that 
required for the condition (2-2), then the excess of electrons is compensated by 
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oxygen vacancies, which become the predominant defects of TiO2. Then charge 
compensation requires that:  
 𝑛 = 2[𝑉𝑂••]     2-6 
Application of the mass action law to the reaction (1) in Table 2.2 and the 
conditions (2-6) results in the following dependence: 
𝑛 = (2𝐾1)1 3� 𝑝(𝑂2)−1 6�     2-7 
The electrical effects related to the equations (2-1) – (2-7) may be used for 
derivation of an isothermal representation of the changes in ionic and electronic 
defects with oxygen activity. This representation is also known as Brouwer-type 
diagram, which is shown in Figure 2.2. The fractional numbers in Figure 2.2 are 
related to the oxygen exponent are related to 1/m associated with electrons or 
electron holes. 1/6 as being the slope of the differentiation of equation 2-7.  
1
𝑚𝑛,𝑝 = 𝜕𝜕𝜕𝜕(𝑛,𝑝)𝜕𝜕𝜕𝜕𝑝(𝑂2)     2-8 
Tantalum may also be incorporated at interstitial sites. The intensive discussion 
of mechanism of interstitial incorporation of an extrinsic ion is reported elsewhere 
[74]. 
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Figure 2.2 The Brouwer-type diagram for Ta-doped TiO2 showing defect disorder 
within different ranges of oxygen activity (where square brackets denote 
concentrations and the fractional numbers are represented by Equation (2-8) [73]. 
As can be seen the changes in electron concentration with oxygen activity 
demarcate the following three regimes of the defect disorder for Ta-doped TiO2: 
i. Regime I. In this regime the slope of log n vs. log p(O2) is governed by 
Equation (2-7).  
ii. Regime II.  This regime is governed by the condition (2-2).  
iii. Regime III. The slope of log n vs. log p(O2) in this regime is governed by 
Equation (2-5).  
The boundary values of oxygen activity corresponding to the limits of Regime II 
could be determined using the electrical conductivity data assuming that the mobility 
term is constant for all oxygen activities [63]. 
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2.3.3 Defect-related Properties 
Charge transport. This property has substantial impact on photocatalytic 
performance. It determines the relocation of charge carriers from their site of 
generation to the reaction site. Electrical property measurements are the typical 
method of investigating charge transport in oxide semiconductors.  
Concentration of surface active sites. Water molecules are adsorbed on the 
surface of the photocatalyst. However, the only water molecules that are adsorbed on 
surface active sites, which are titanium vacancies, are involved in the water oxidation 
reaction. Titanium vacancies have an excellent ability to remove electrons from 
water molecules. Therefore, the population of surface active sites profoundly 
influences photocatalytic activity.  
Fermi level. Charge transfer at the solid/water interface is determined by the 
difference between the chemical potential of electrons of the semiconductor (the 
Fermi level) and the electronic affinity of the molecule involved in the reaction. The 
Fermi level of an oxide semiconductor can be modified by imposing a controlled 
oxygen partial-pressure or by incorporation of extrinsic ions. 
2.4 Electrical Properties 
The present work determined defect disorder of pure and Ta-doped TiO2 using 
the measurements of both electrical conductivity and thermoelectric power. 
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2.4.1 Electrical Conductivity 
Electrical conductivity is the commonly studied defect-sensitive property [70, 75, 
76]. The data of electrical conductivity measurements can be used for the derivation 
of a defect disorder model. The electrical conductivity, σ, can be written as the sum 
of electron and electron hole concentration multiplied by the associated mobility 
terms: 
𝜎 = 𝜎𝑛 + 𝜎𝑝 + 𝜎𝑇 = 𝑒�𝑛𝜇𝑛 + 𝑝𝜇𝑝� + 𝜎𝑇    2-9 
where e is the elementary charge, µn and µp are the mobility terms, σi is ionic 
conductivity, and n and p are the concentrations for electrons and electron holes, 
respectively. When the electrical conductivity is determined by one type of charge 
carriers, the slope of log σ vs. log p(O2) dependence has well defined physical 
meaning and may be used in verification of defect disorder models [63].  
Assuming that the mobility is independent of oxygen activity the electrical 
conductivity may be represented as a function of oxygen activity in the following 
form:  
1
𝑚𝜎
= 𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑝(𝑂2)     2-10 
where 1/mσ is the p(O2) exponent. This parameter is commonly used for the 
verification of a specific defect disorder model.   
The relations (2-1) – (2-2) are derived for isothermal conditions. The description 
of the effect of temperature on defect disorder and the related properties is more 
complex since both the concentration and the mobility terms depend on temperature. 
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Taking into account that both electrical conductivity terms are activated, these may 
be represented as: 
µ𝑛 = 𝑐𝑐𝑛𝑐𝑐. exp �− ΔH𝑚RT �    2-11 
 𝑛 = 𝑐𝑐𝑛𝑐𝑐1.𝑝(O2) 1𝑚exp�− 2𝑚ΔH𝑓RT �   2-12 
where the parameter const in Equations (2-11) and (2-12) includes equilibrium 
constants, ∆Hm represents the required enthalpy for the movement of electrons, m is 
the parameter related to the degree of ionisation of defects and ∆Hf is the enthalpy of 
the formation of defects. Therefore, the changes in electrical conductivity with 
temperature can be written as follows:  
 𝜎 = 𝑐𝑐𝑛𝑐𝑐2. exp�− 2𝑚ΔH𝑓+ΔH𝑚RT �   2-13 
where the activation energy term is:  
𝛥E𝜕 = 2𝑚 𝛥H𝑓 + ΔH𝑚    2-14 
As shown above, the enthalpy term may be determined from the activation 
energy of the electrical conductivity, when the mobility term is known.  
2.4.2 Thermoelectric Power  
Thermoelectric power (also known as Seebeck coefficient), S, is the ratio of 
thermoelectric voltage, ΔΨ, across a temperature gradient, to the related temperature 
difference, ΔT: 
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S = 𝛥𝛥
𝛥T
     2-15 
The thermoelectric power can be expressed using concentration of electrons and 
holes within the n- and p-type regimes, shown respectively as: 
S𝑛 = 𝑘𝑒 �𝑙𝑛 𝑁𝑛𝑛 + 𝐴𝑛�    2-16 
S𝑝 = 𝑘𝑒 �𝑙𝑛 𝑁𝑝𝑝 + 𝐴𝑝�    2-17 
where N, k and A represent density of states, Boltzmann constant and kinetic 
constant associated with the scattering mechanism of charge carriers, respectively. 
Subscripts n and p stand for electrons and electron holes. Knowledge of the 
thermoelectric power allows the determination of the Fermi level, EF. For pure n-type 
regime, the EF is related to thermoelectric power according to the following 
expression: 
Sn = EF−EC𝑒T − 𝑘𝑒 A1𝑛    2-18 
where EC is the energy of the bottom of the conduction band. The term KA1n/e 
represents the loss in thermovoltage for a finite mobility and hence some relative 
loss. Therefore, a small thermal resistivity means a large mobility and little loss in 
voltage and hence in thermopower.    
Electron and electron hole concentrations are related to oxygen activity via 
equilibrium constant listed in Table 2.2. Therefore, assuming density of states and 
kinetic constant are independent of oxygen activity, the defect disorder models of 
metal oxides can be verified based on the dependence of S on p(O2): 
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1
𝑚𝑠
= 𝑘
𝑒
𝜕𝜕
𝜕𝜕𝜕𝜕𝑝(𝑂2)     2-19 
where 1/ms reflects the nature of defect disorder. A detailed derivation for 
equation 2-19 is given elsewhere [77]. Electrical conductivity and thermoelectric 
power data are also useful for a number of analyses explained elsewhere [78]. 
2.5 Electronic Structure  
Metal oxides and metal sulphides such as TiO2 [79-81], ZnO [82-84], WO3 [85-
87], Fe2O3 [88-90] and ZnS [91-93] are usually employed as photocatalysts for the 
oxidation of water. A number of KPPs must be taken into consideration in processing 
an efficient photocatalyst that can enhance the degradation process. The electronic 
structure is one of them that substantially affects performance. The band theory of 
materials can be used to explain the electronic structure. Materials are classified as 
conductors, semiconductors and insulators based on the energy gap between the 
bottom of the conduction band and top of the valance band. This energy gap is also 
known as the band gap of the material. The valance band consists of filled electronic 
states while the conduction band contains empty states where electrons can be 
excited from the valance band in a number of ways. Figure 2.3 represents the 
molecular orbital diagram for TiO2. As can be seen, bonding and anti-bonding 
orbitals are formed by p-orbitals of oxygen and d-orbitals of titanium. Conduction 
band minimum and valance band maximum are comprised of non-bonding Ti 3dxy 
and non-bonding O 𝑝𝜋 states, respectively. 
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Figure 2.3 Molecular orbital diagram of titanium dioxide. 
The semiconducting properties of TiO2 are profoundly influenced by the 
concentration of electronic defects. These defects are formed either as a result of 
ionization of ionic defects or via ionization over the band gap. The energy levels of 
different defects are represented in Figure 2.4.  
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Figure 2.4 Electronic structure of TiO2 including energy levels of different intrinsic 
defects. 
In case of semiconductor photocatalyst, the electrons from valance band are 
excited to the conduction band using the photon energy of sunlight. The band gap of 
rutile TiO2 is 3.0 eV which makes this photocatalyst only applicable under UV light. 
The common way of overcoming this problem is doping TiO2 with extrinsic ions. 
The results of doping in electronic structure of TiO2 are shown schematically in 
Figure 2.5. 
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Figure 2.5 Schematic representation of the electronic structure of a semiconductor 
including donor (ED) and acceptor (EA) levels for n (a) and p-type  semiconductors, 
respectively.   
The present work investigates the effect of tantalum on the electronic structure of 
TiO2 at different temperatures. It is observed that incorporation of tantalum increases 
band gap of TiO2. However, the photocatalytic performance is improved which is 
unexpected for a larger band gap semiconductor. Details of the electronic structure of 
Ta-doped TiO2 and associated photocatalytic activity are discussed in Chapter 5. 
2.6 Surface Properties 
Surface properties of an oxide semiconductor are critical for light-induced 
reactivity. Segregation makes those properties entirely different than that of bulk 
[94].  The difference should be considered in terms of its chemical composition and 
structure. Consequently, the determination of segregation-induced surface vs. bulk 
concentration profiles is an essential part of the basic characterisation of oxide 
materials for solar energy conversion. The main driving force of segregation is the 
electric field that is associated with oxygen activity gradients between the surface 
and the bulk phase. Annealing Ta-doped TiO2 in oxidizing condition resulted in the 
formation titanium vacancies on the surface which are negatively charged. On the 
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other hand, TaTi•  ions in the bulk phase are positively charged and attracted by the 
negatively charged surface. Thus, an enrichment of tantalum on the surface layer was 
observed [95].    
A low-dimensional surface structure (LDSS) can be formed when the 
segregation-induced concentration surpasses a certain critical level as represented 
schematically in Figure 2.6 [95].  
 
Figure 2.6 Schematic representation of segregation-induced formation of the LDSS 
and the related concentration gradient [95]. 
As shown above, segregation results in an enrichment of the surface in the lattice 
species that exhibit a positive driving force of segregation. Segregation then leads to 
the formation of LDSS. This surface layer is quasi-isolated. The structure and 
composition is different than that of bulk which may have an impact on the related 
properties.  
In some cases, segregation may lead to the impoverishment of the surface layer in 
certain defects [95, 96]. In all cases, segregation may be used as the technology in 
imposition of desired surface composition that is required to achieve required 
properties.  
M. A. Alim Chapter 2  Page 29 
 
 
 
2.7 Alternative Approach 
Hydroxide (OH-) groups and protons (H+) are the predominant species in water. 
Protons have high mobility in oxides, which allow them to propagate promptly into 
the lattice of oxides. In case of TiO2, protons bonds with oxide ions in oxygen 
sublattice which results in the formation of hydroxide ions [97]. Protons are 
incorporated into TiO2 lattice at interstitial positions and bonded with oxygen. 
Presence of protons in rutile structure may lead to the formation of defect complex, 
such as (4HVTi′′′′). Furthermore, the reaction between protons and TiO2 lattice at 
room temperature results in the formation a low-dimensional H4TiO4 surface 
structure [97]. Understanding the effect of hydrogen on properties of energy 
materials in general, and solar materials in particular is reported elsewhere [98].  
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CHAPTER THREE 
3 Basic Concepts of Solar-to-Chemical Energy 
Conversion by Oxide Semiconductors 
3.1 Mechanism of Water Oxidation 
The reaction mechanism is considered in this section for TiO2-based 
semiconductors, the basic concepts apply for alternative oxide semiconductors as 
well. The idea of solar-to-chemical energy conversion involving water oxidation is 
based on the light-induced reactivity of TiO2 with water and the related charge 
transfer. The reactivity involves several steps, such as physical adsorption of reacting 
molecules, the charge transfer related to the formation of an active complex from a 
water molecule with the surface active site, decomposition of this complex leading to 
the formation of the oxidation products and their desorption.  
The reaction rates corresponding to different reaction steps are determined by the 
KPPs. Taking into account the complex mechanism of the reactivity between water 
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and the surface of POS, the efficiency of the solar-to-chemical energy conversion 
must be considered in terms of all the related reactions, in addition to the band gap 
ionisation. 
While water can be adsorbed on several adsorption sites, only specific sites 
exhibit reactivity that lead to the desired chain of reactions. The active adsorption 
sites on the surface of metal oxides that have the capacity to effectively remove 
electrons from water are acceptor-type lattice elements. The strongest and probably 
the only acceptors in pure TiO2 are cation vacancies. The acceptors in TiO2 solid 
solutions are negatively charged extrinsic defects. Such defects are formed when the 
solute ions of the valency lower than four are incorporated into the titanium 
sublattice.  
It has been shown that the reaction between an adsorbed water molecule and 
titanium vacancies results in the formation of an active complex, which ultimately 
leads to water oxidation [99]. The reactivity between the titanium vacancies and the 
adsorbed water molecules is mainly influenced by the related charge transfer. The 
related model involves the formation of an active complex, which consists of 
electron holes, water molecule and fully ionised (tetravalent) titanium vacancy (see 
Table 2.2). In the first stage, the tetravalent titanium vacancy is oxidised to tri-valent 
vacancy. 
In the second stage the trivalent titanium vacancy reacts with water which results 
in the formation of an active complex: 
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 𝑉𝑇𝑇′′′ + H2O ↔ {𝑉𝑇𝑇′′′ − H2O}∗    3-1 
The third stage involves charge transfer within the complex shown by the 
following reaction: 
{𝑉𝑇𝑇′′′ − H2O}∗ ↔ {𝑉𝑇𝑇′′′′ − H2O+}∗   3-2 
Finally, the active complex is decomposed into hydroxyl radicals, protons and 
restoration of fully ionised titanium vacancies:  
 {𝑉𝑇𝑇′′′′ − H2O+}∗ → OH∗ + H+ + 𝑉𝑇𝑇′′′′  3-3 
It is important to note at this stage that the activity of such vacancies depends on 
their lattice environment and the associated crystal field. 
Taking into account that the formation of the active complex requires access of 
electron holes to the adsorbed water molecule, the transport kinetics of these charge 
carriers makes a substantial contribution to the solar energy conversion. The 
transport kinetics of electrons, which are required for the reaction expressed by 
equation (3-3), is equally important for the solar energy conversion. 
It is important to note at this point that the charge transfer associated with the 
reactions expressed by Equations (3-1) – (3-3), is profoundly influenced by the Fermi 
level and the associated work function [5]. This is the reason why work function 
must be taken into account as a KPP. 
Decomposition of the active complex generates protons, which are then 
transported to the cathodic sites where they are reduced either to hydrogen gas (total 
oxidation) or hydrogen peroxide (partial oxidation): 
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O2 + 2𝑒− + 2H+ ↔ H2O2   3-4 
The catalytic role of titanium vacancies in partial water oxidation is depicted in 
Figure 3.1 [15]. According to this model, the activation energy of the reaction of 
water oxidation is substantially reduced when the process takes place in the presence 
of titanium vacancies that have an outstanding ability to efficiently remove an 
electron from the water molecule. Tantalum incorporation results in the formation 
titanium vacancies which react with water molecules and form active complexes. 
Activation energy for the formation of active complex is much lower than that of 
direct water oxidation. The active complex subsequently decomposes into hydroxyl 
radicals, protons and restoration of fully ionised titanium vacancies.  
 
Figure 3.1 The energy pathways representing the mechanisms of partial water 
oxidation on the surface of TiO2, including the low energy route in the presence of 
titanium vacancies forming an active complex with a water molecule (dashed line) 
and a high energy route in absence of titanium vacancies (continuous line). 
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Reports on the influence of the specific KPPs on the efficiency of solar energy 
conversion are very few to date. The following points can be made based on the 
recently reported experimental results on photocatalytic energy conversion by TiO2-
based semiconductors in oxidation of a standard organic compound (methylene 
blue): 
i. The solar energy conversion is influenced by both the concentration of the 
surface anodic active sites involving titanium vacancies, the charge transfer 
and the Fermi level. The contribution of these specific KPPs to the overall 
oxidation process depends on several factors, for instance the surface 
morphology and the related concentration of the active sites as well as the 
semiconducting properties. 
ii. The effect of the band gap on solar energy conversion is obvious. Therefore, 
reduction of the band gap of TiO2 from 3 eV (for rutile) always leads to 
enhanced performance. However, the contribution of the impact of the band 
gap reduction and other KPPs on the conversion depends on the factors 
mentioned above. In many instances the reported effects of the band gap 
reduction on the performance are only apparent at the point when the 
processing procedures aiming at the band gap change, at the same time 
leading to the modification of other KPPs, which are interrelated. 
iii. The best approach to identify the effects of specific KPPs on the performance 
requires that the studies of systems exhibit a change of only one KPP, while 
the remaining KPPs remain unchanged.  
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iv. Since TiO2 exhibits outstanding corrosion and photocorrosion in water, the 
TiO2-based systems are the best candidates for generation of the empirical 
data that could be used in derivation of reliable theoretical models. 
3.2 Effect of Defects on Photocatalytic Properties 
There is a common perception that the performance of oxide materials in solar 
energy conversion is determined by chemical composition and crystalline structure 
[4, 8, 14, 100-103]. Therefore, the search for new systems with enhanced 
performance involves investigations of new structures. It is well known that oxide 
materials, which are almost free of defects, are not reactive [64, 104, 105].  In order 
words, the reactivity of solids requires the presence of structural defects. 
While both composition and structure are key quantities of compounds, recent 
studies show that KPPs, including concentration of surface active sites, charge 
transport, Fermi level and bandgap, are determined by structural imperfections (point 
defects) [5, 43]. According to this approach, the performance of nonstoichiometric 
compounds may be enhanced by the modification of the defect disorder. In other 
words, the search for desired properties should focus on the change of 
nonstoichiometry and the related defect disorder. Therefore, the research strategy for 
an efficient photocatalyst should be based on the modification of the defect disorder 
within the structure that is chemically stable in water. Since the effect of the surface 
on the reactivity is more substantial than that of the bulk phase, the search for 
systems with maximized performance must focus on surface processing.    
Awareness is growing that the reactivity mechanism depends on the nature and 
the concentrations of the lattice imperfections (point defects). Therefore, the search 
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for oxide semiconductors with optimal performance in solar energy conversion 
should be based on the application of defect engineering in the processing of 
photocatalysts with controlled defect disorder. Such an approach has been considered 
for TiO2-based materials [64].  
3.3 Interaction of Defects  
The theory of defect chemistry is based on the application of mass action law to 
defects in crystals. This theory considers the defects as isolated solutes. The formal 
treatment of defects in terms of the mass action law may be complicated when 
interaction between defects results in the formation of defect complexes and larger 
defect aggregates, as represented in Figure 3.2 [106]. 
 
Figure 3.2 Effect of the deviation from stoichiometry in nonstoichiometric metal 
oxides on interactions between defects leading to the formation of larger defect 
aggregates (Stoneham, 1980). 
An additional complication of defect chemistry of oxides is the effect of 
hydrogen dissolved in the lattice on properties. The effect of hydrogen on properties 
of TiO2 at elevated temperatures is overviewed by Norby [97].  
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Defect chemistry has been applied in considering bulk properties of 
nonstoichiometric oxides [63]. The picture is more complex for the surface layer 
where the segregation-induced concentration of defects is much larger than that in 
the bulk phase. In this case the defect disorder models derived for the bulk phase 
cannot be applied. 
3.4 Electrical Properties   
There is a common perception that the band gap is the key property of 
semiconductors that has the critical effect on the efficiency of solar-to-chemical 
energy conversion [4, 107-114]. A recent study by Bak et al. [5] reveals that 
alternative properties such as, surface active sites, charge transport, charge transfer, 
Fermi level and flat band potential, may also profoundly influence the photocatalytic 
performance of TiO2 along with the band gap. It is reported that all these KPPs are 
closely related to lattice imperfection [5] of the material. Therefore, the properties of 
TiO2-based semiconductors can be tuned by defect engineering [115].  
Since the effect of tantalum on properties of TiO2 is very similar to that of 
niobium, this overview includes reports related to the effect of both tantalum and 
niobium on the electrical [116-119], photocatalytic [107, 109, 111-114], photovoltaic 
[120, 121] as well as other properties [122-124]. Since the effect of the extrinsic ions, 
such as tantalum and niobium, on properties of TiO2 is also affected by oxygen, this 
work also investigates the effect of oxygen activity on electrical properties.  
The properties of solid solutions are well defined when the concentration of the 
solute ions is within the solubility limit. This limit is approximately 4-8 at.% for 
tantalum [125] and 8-18 at% of niobium [72].  
M. A. Alim Chapter 3  Page 38 
 
 
 
There is a common perception that pentavalent ions, such as tantalum and 
niobium, are incorporated into the TiO2 lattice according to the substitutional 
mechanism [63, 72, 116-119].  Comini et al. [123] observed that the addition of 
niobium or tantalum to the anatase phase of TiO2 resulted in the transition of anatase 
to rutile.   
Balachandran and Eror [122] reported that up to 10 at.% tantalum in Ta-doped 
TiO2 can be compensated within a single phase by intrinsic defects. In strongly 
reducing conditions the compensation is achieved by the generation of Ti3+ ions. In 
contrast, at high oxygen activities an additional uptake of oxygen can be 
accommodated in the rutile structure by the creation of metal deficit-related defects 
(titanium vacancies) and to compensate any excess charge of tantalum.   
Extensive studies have been performed to determine the effect of niobium and 
niobium concentration on the electrical properties such as electrical conductivity and 
thermoelectric power of TiO2. Experiments involved measuring those properties over 
a range of temperatures and oxygen activities [116-119]. These studies resulted in the 
determination of the combined effect of both the extrinsic defects related to niobium 
and the intrinsic defects related to the electronic charge carrier concentration. The 
effect is represented schematically in Figure 3.3, showing the isothermal plots of 
electron concentration, electrical conductivity and thermoelectric power with respect 
to oxygen activity. The details of Figure 3.3 can be understood with the help of 
Brouwer defect diagram, which is commonly used in verifying defect disorder 
models of metal oxides (see section 2.3.2).    
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Figure 3.3 Schematic representation of the effect of oxygen activity on the 
concentration of electrons (a), electrical conductivity (b) and thermoelectric power, S 
(c), where the fractions are related to the effect of oxygen activity on the specific 
quantities represented by Equations (2-7), (2-2) and (2-5), respectively.   
Such plots allow the determination of the critical values of oxygen activities 
corresponding to the transitions between the regimes corresponding to different 
defect disorders. Figure 3.3 shows the isothermal plots of the concentration of 
electrons, electrical conductivity and thermoelectric power as a function of oxygen 
activity for donor‐doped TiO2.  Slopes in different regimes can be used to describe 
defect disorder model.  
i. Regime I. The slope of log n vs. log p(O2) in this regime is -1/6 which 
indicates oxygen vacancies are the predominant defects. 
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ii. Regime II.  This regime is governed by the condition (2-2). Electrical 
properties in this regime are determined by the concentration of tantalum and 
independent of oxygen activity.  
iii. Regime III. The slope of log n vs. log p(O2) in this regime is governed by 
Equation (2-5) and titanium vacancies are the predominant defects. 
Both tantalum and niobium have a substantial effect on photocatalytic properties 
of TiO2 [107, 109, 111-114]. However, the conflicting reports indicate the lack of a 
uniform view on the effect of tantalum and niobium on these properties.  
3.5 Photocatalytic Activity of Titanium Dioxide 
Photocatalytic oxidation, considered as an advanced oxidation process (AOP), is 
a set of light-induced chemical reactions resulting in the generation of a highly 
reactive species in water, such as the hydroxyl (HO*) and superoxide (O2−) radicals, 
which lead to the removal of toxic organic compounds from water. The search for 
high performing photocatalysts includes a wide range of oxide materials, such as 
TiO2 [126, 127], WO3 [128], ZnO [129] and Fe2O3 [130]. TiO2 seems to be the most 
promising photocatalyst owing to its high chemical stability in water and strong 
reactivity with water leading to its oxidation [2, 3, 131-133]. 
Extensive studies have been performed to clarify the effect of donor-type 
elements, such as tantalum and niobium, on the photocatalytic performance of TiO2 
[5, 39, 47, 133-137]. Most of these studies concentrated on the effect of doping on 
the band gap and the associated performance. Karakitsou and Verykios [47] reported 
the influence of a wide range of cations on the photocatalytic activity of TiO2.  They 
observed that the donor type elements, such as W6+, Nb5+ and Ta5+, resulted in 
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enhanced photocatalytic performance. On the other hand, the acceptor-type elements, 
including In3+, Zn2+ and Li+, resulted in a decrease of photocatalytic activity. 
Consequently, the authors suggest that the mechanism of photocatalytic water 
oxidation is determined by a reduction step rather than oxidation. In water oxidation 
process, electrons are removed from water molecules. These electrons must be 
compensated to satisfy charge neutrality condition. Photocatalyst materials (metal 
oxides) and dissolve oxygen molecules in water receive electrons. The latter results 
in the formation of superoxide which ultimately contributes to the degradation 
process of organic pollutants. Thus, reduction step is essential for water oxidation.            
Alternatively, the reported effects could be considered in terms of the charge 
transport, which is enhanced by donors (assuming that the studied TiO2 specimens 
are n-type).  
Choi et al. [135] studied the effect of TiO2 doped with a range of cations, 
including both donors and acceptors, on photocatalytic activity. They claimed that 
the associated photoreactivity was a complex function of the concentration of 
dopants, the associated energy levels induced by the dopant ions and light intensity. 
Kong et al. [136] reported the effect of niobium on photocatalytic activity in visible 
light. They observed that niobium reduced the size of the grain of the studied 
polycrystalline specimen leading, as a consequence, to enhanced photocatalytic 
degradation of gaseous acetaldehyde. Mattsson et al. [39] reported the enhancement 
of light absorption by incorporating niobium into TiO2 lattice, however, observed a 
decrease in the light-induced decomposition rate of acetone. This effect clearly 
indicates that the photocatalytic reaction is not controlled by the band gap. The effect 
of extrinsic ions on the electronic structure of TiO2 and the associated photocatalytic 
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activity has been reported in a range of studies [39, 131- 136, 47]. The common 
perception is band gap is the controlling property for light-induced water oxidation. 
However, the reported data are in conflict with the hypothesis. It is found that the 
effect of band gap on photocatalytic activity is insignificant.   
Štengl et al. [133] investigated the effect of both niobium and tantalum on 
photocatalytic performance of TiO2. They also determined the effect of those 
extrinsic ions on the band gap of TiO2. It is reported that niobium improves 
photocatalytic activity in the degradation of salicylic acid in aqueous solutions, 
however, doping TiO2 with tantalum did not have any trace of an effect on 
photocatalytic activity. The reported effect of both ions on the band gap is 
insignificant.   
The literature reports that the influence of donor-type ions on properties of TiO2 
can be summarised as (i) the mechanism of incorporation of the donor-type cations, 
such as niobium and tantalum, depends on oxygen activity and (ii) the observed 
effect of donor-type elements on the enhanced photocatalytic performance indicates 
that the controlling property for the reaction is charge transport rather than the band 
gap reduction. 
The reports on the effect of tantalum on the band gap of TiO2 are summarised in 
Table 3.1. It is evident that tantalum has little effect on the band gap. Therefore, it is 
necessary to consider alternative KPPs in explaining the effect of tantalum on the 
photocatalytic performance of TiO2. 
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Table 3.1 Literature reports on the band gap of pure and Ta-doped TiO2 
References 
Content 
of Ta 
[at. %] 
Method 
Band Gap [eV] 
TiO2 Ta-doped TiO2 
Indirect 
transition 
Direct 
transition 
Indirect 
transition 
Direct 
transition 
Kavan  et 
al., 1996 
[138] 
 
Photocurrent 
action 
spectrum 
3.00 3.20   
Diebold, 
2003 [44]  
 3.00 3.20   
Lin et al., 
2006 
[139] 
 
Diffuse 
reflectance 
spectra 
3.00 3.20   
Zand et 
al., 2012 
[114] 
1.8 Diffuse 
reflectance 
spectra 
3.00 3.10 
 3.01 
15.3  2.98 
Scanlon et 
al., 2013 
[140] 
 
Heyd, 
Scuseria and 
Ernzerhof 
(HSE06) 
approach  
3.03 3.2   
Zhu et al., 
2014 
[141] 
 
Density 
functional 
theory 
3.18    
Kelly et 
al., 2014 
[142] 
13.51 
Diffuse 
reflectance 
spectra 
3.15  3.24  
Pozio, 
2015 
[143] 
 
Diffuse 
reflectance 
spectra 
3.096 3.20 2.892  
 
Yang [144] and Breault and Bartlett [145], reported the effect of TiO2 doping 
with both cations (Fe, Nb) and anion (N) on the band gap. Their results, which are 
shown in Figure 3.4, indicate that the effect of these dopants on the band gap of 
TiO2 is substantial. As can be seen, co-doping with both cation and anion has the 
most substantial effect on band gap. The associated photocatalytic response in 
degradation of rhodamine B [144] and methylene blue [145] are shown in Figure 3.5 
and tabulated in Figure 3.4.  
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Figure 3.4 Effect of TiO2 doping on light absorbance and the related band gap 
according to Yang [144] (left) and Breault and Bartlett [145] (right). The inserts are 
related Tauc plots). 
 
Figure 3.5 The effect of TiO2 doping on the progress of reactions related to photo- 
degradation of rhodoamine B (RhB) according to Yang [144] and methylene blue 
(MB) according to Breault and Bartlett [145]. 
 
Table 3.2 Effect of doping on the band gap of TiO2 and the related light-induced 
oxidation rate of RhB and MB according to Yang [144] and Breault and Bartlett 
[145]. 
Yang [144] Breault and Bartlett [145] 
Composition 
Eg 
[eV] 
*∆Eg 
[eV] 
RhB 
degradation 
rate [min-1] 
Composition 
Eg 
[eV] 
*∆Eg 
[eV] 
MB 
degradation 
rate [min-1] 
TiO2 3.2  0.0027 TiO2 2.95  0.00258 
Fe-TiO2 2.6 0.6 0.0009 Nb-TiO2 3.05 -0.1 0.0061 
N-TiO2 2.5 0.7 0.0082 N-TiO2 2.75 0.2 0.0009 
Fe/N-TiO2 2.26 0.94 0.001 Nb/N-TiO2 2 0.95 0.02 
*∆Eg = (Eg for pure TiO2 – Eg for doped TiO2); The negative value of *∆Eg indicates 
that the doping results in an increase in the band gap of TiO2. 
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Fe- and N/Fe-doped TiO2 show the strongest effect on band gap reduction. It is 
interesting to note that these compositions exhibit the weakest photocatalytic 
performance. This is strong evidence that band gap is not the key controlling 
property of a light induced reaction. .   
The effect of niobium on the band gap and degradation of MB, reported by Lee et 
al. [146], are shown in Figure 3.5. As can be seen, niobium improves photocatalytic 
performance within both the anatase (below 0.4 at%) and rutile (above 0.4 at%) 
phases. The common perception that the rutile phase is less active than the anatase 
phase is not reflected in the data. As also evident, incorporation of niobium leads to 
the decrease of the band gap, however, the effect of niobium may also be considered 
in terms of the concentration of surface active sites and the charge transport. 
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Figure 3.6 The effect of niobium on the band gap, crystallite size and light-induced 
degradation of MB according to Lee at al. [146]. 
The only thermodynamically stable phase of pure TiO2 is the rutile phase. It has 
been shown that annealing of the anatase phase of TiO2 results in the formation of 
the rutile phase that becomes the only stable structure above 1173 K [145, 147-150]. 
3.6 Summary  
The literature review can be summarised in following points: 
i. The reported data on the electrical properties of a donor doped TiO2 
(niobium and tantalum) are inconsistent. The possible reasons for the 
scattered data may be the lack of equilibrium, undefined oxygen activity and 
subsequent cooling condition. 
ii. The literature reveals that most studies are focused on the determination of 
the effect of the band gap on photocatalytic performance of TiO2 and its 
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solid solutions. Further, the applied research strategy in enhancing the 
performance is based on band gap reduction (through incorporation of 
aliovalent ions, such as tantalum, niobium, iron and nitrogen) considering as 
the main KPP. 
3.7 Research Objectives   
The objectives of the present work are as follows:  
 
i. Understanding the effect of tantalum on semiconducting properties of TiO2 
and the related defect disorder as well as the difference between the effect of 
tantalum and niobium on the properties of TiO2, if any. In addition, an 
attempt will be made to determine the effect of tantalum on the Fermi level 
and the formation enthalpy of defects. 
ii. Understanding the effect of oxygen activity on the defect disorder of Ta-
doped TiO2 at elevated temperatures.  
iii. Investigation of the effect of tantalum on the photocatalytic performance of 
TiO2. 
iv. Derivation of the theoretical models for light induced partial water oxidation 
of TiO2.   
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CHAPTER FOUR 
4 Experimental  
This section considers the experimental approaches applied in this thesis 
including preparation of specimen and the determination of the electrical properties, 
optical properties, photocatalytic properties and surface vs. bulk chemical 
composition.   
4.1 Preparation of the Specimens   
Solid state reaction was followed in the preparation of the polycrystalline 
specimens. A flow diagram of specimen preparation is shown in Figure 4.1. 
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Figure 4.1 Flow diagram for the preparation of polycrystalline specimens and the 
subsequent analyses. 
4.1.1 Solid State Reaction  
The polycrystalline specimens of Ta-doped TiO2 were prepared by solid state 
reaction of TiO2 (rutile) and Ta2O5. The intentional composition range of the formed 
solid solutions (0.1 – 1 at.% Ta) was achieved by selecting an appropriate 
stoichiometry of the reacting mixture. The basic reactants included pure TiO2 
(99.97% purity) powder of particle size 0.2 - 0.4 µm and Ta2O5 powder (99.99% 
purity) of particle size <5 μm. The reactants were mixed using a ball mill and placed 
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in a tube furnace at 1273 K for 48 h in air. The sintering conditions (time and 
temperature) were selected based on the diffusion data for niobium and assuming 
that the diffusion rate for tantalum was similar to that of niobium [75, 94, 151]. The 
obtained sintered body of Ta-doped TiO2 was then crushed into fine powder in a 
ceramic mortar, mixed with paraffin binder and pressed uniaxially in a 25 mm 
diameter die under 50-60 MPa. Then the pellets were isostatically pressed under 400 
MPa for 2 min. The pellets were then placed in a tube furnace at 873 K for 10 h in air 
to remove the paraffin binder. The sintering condition of pellets was 1673 K for 3 h 
in air. The content of tantalum was analysed using the Proton-Induced X-Ray 
Emission (PIXE) method. Details of the experimental procedures are reported 
elsewhere [15, 73] 
4.2 Electrical Properties Measurements 
4.2.1 Electrical Conductivity and Thermoelectric Power  
The applied electrical circuitry allowed for simultaneous measurements of both 
the electrical conductivity and thermoelectric power in identical conditions of 
temperature and oxygen activity. A schematic representation of the experimental 
circuit and the sample holder is shown in Figure 4.2.  
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Figure 4.2 A schematic representation of experimental set-up for the determination 
of the electrical conductivity using the four probe method (appropriate wiring was 
provided for the electrical monitoring devices, which were located outside the high 
temperature area).    
As shown, the rectangular shaped Ta-doped TiO2 specimen was placed between 
two platinum plates forming current electrodes, which were connected to the current 
source. A spring mechanism was employed to maintain effective galvanic contact 
between the studied specimen and electrodes. Two platinum wires were wrapped 
around the middle part of the specimen and connected with the electrometer. The 
function of these wires, forming voltage probes, was to collect the voltage along the 
specimen. Two micro-heaters, equipped with thermocouples, were attached at both 
sides of the sample to impose a temperature gradient, ∆T. The Seeback voltage, ∆V, 
generated as a result of ∆T was determined using the electrometer. The entire 
circuitry, including the sample holder, was placed in a tube furnace that was 
connected with a gas flow system.  
The required oxygen activity in the reaction chamber was achieved by controlling 
the composition of the gas phase mixture. An electrochemical zirconia probe was 
used to determine the oxygen activity in the reactor shown schematically in Figure 
4.3 (details are reported elsewhere [76]). 
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Figure 4.3 Schematic representation of the zirconia-based electrochemical oxygen 
sensor [76]. 
The electrical conductivity was measured as a function of time after a new 
oxygen activity was imposed on the reaction chamber involving the studied 
specimen. The electrical conductivity measurements involved two experimental 
approaches.  
In the first approach the electrical conductivity was applied for isothermal in situ 
monitoring of the equilibration kinetics during the oxidation and reduction 
experiments. The measurements in this approach were taken at constant DC current, 
10 μA, which was applied alternatively in both directions (in order to minimize the 
polarization effect). The equilibrium state was reached when the electrical 
conductivity attained a constant value as a function of time.  
The second approach involved measuring both the thermoelectric power and the 
electrical conductivity. In the latter case, the electrical conductivity measurement 
included 10-15 independent voltage readings for different currents applied in both 
directions (the applied current was in the range of 10 nA – 1 mA in such a manner 
that the overall voltage across the specimen was lower than 5V).  
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4.2.2 Oxygen Activity 
The oxygen activity, p(O2), was imposed in the reaction compartment by the gas 
mixtures of appropriate compositions flowing through the reactor. The total flow rate 
of the gas mixture was 100 ml/min throughout the experiment. Measurements were 
taken in both oxidizing and reducing conditions. The desired oxidizing regimes, in 
the range of 100 kPa – 10 Pa, were achieved by the mixing of argon/oxygen gases in 
different ratios. The reducing environments were created by flowing the gas mixture 
of argon, including 1% of hydrogen, and argon without hydrogen. Oxygen activity in 
reducing condition was in the range between 10−15 Pa and 10−9 Pa in the studies 
temperature ranges. 
4.2.3  Experimental Procedure 
Figure 4.4 demonstrates a standard monitoring sheet, including changes in the 
oxygen activity (Figure 4.4a), fluctuations of temperature during the isothermal 
experiment corresponding to 1173 K (Figure 4.4b) and the resulting changes of the 
electrical conductivity (Figure 4.4c). As seen, the temperature fluctuations remained 
within 0.3 K. As also seen, the electrical conductivity reached the equilibrium state at 
1173 K within 20 h.   
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Figure 4.4 The monitoring sheet involving the changes of oxygen activity (a), 
temperature (b) and the electrical conductivity as a function of time within a single 
step of the reduction experiment for Ta-doped TiO2 at 1173 K. 
The experimental procedure involving isothermal step-wise changes of oxygen 
activity within successive experiments of reduction (c) and resulting changes of the 
electrical conductivity (a) and thermoelectric power (b) at 1273 K for Ta-doped 
TiO2, are shown in Figure 4.5.   
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Figure 4.5 Isothermal changes of (a) the electrical conductivity, (b) thermoelectric 
power and (c) oxygen activity as a function of time for Ta-doped TiO2 at 1273 K. 
The entire cycle of the measurements, involving the equilibration experiments 
during oxidation and reduction in the studied range 1173 K – 1323 K, and the 
determination of both electrical conductivity and thermoelectric power (running non-
stop), lasted approximately 5 months.    
4.3 Characterization of the Specimens  
4.3.1 Bulk Analysis using Proton-Induced X-Ray Emission Technique  
Particle (or proton) induced X-ray emission technique was used to characterise 
samples since the method is non-destructive and reliable. Basic mechanism of PIXE 
analysis is as follows: an electron vacancy is created by ejecting an inner-shell 
electron with an accelerated particle beam. The vacancy is then filled by an outer-
shell electron. The jumping of electron emits X-ray which energy is unique for that 
particular atom. In PIXE analysis, all these X-rays are detected and used to draw a 
PIXE spectrum.  Each X-ray peak in PIXE spectrum represents the characteristic of 
atomic number (Z) of the elements in the sample from which they originated. The 
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concentrations of the elements are directly proportional to the yield (counts) of these 
peaks.  
There is a range of software to analyse PIXE spectra. However, the present work 
used GUPIX software to analyse the obtained PIXE spectra since it has good status 
of database. Besides, the software has the option of matrix iteration and layer 
thickness iteration. Calibration of the PIXE process was performed according to the 
H value method. H is related to the detector solid angle as well as the correction 
factor associated with charge measurement. The procedure was explained elsewhere 
[152]. 
In this work, PIXE analysis was carried out on the STAR 2MV tandem 
accelerator at the Australian Nuclear Science and Technology Organisation 
(ANSTO). In the analysis protons of 2.6 MeV were applied at an angle of incidence 
normal to the studied surface. A Si(Li) detector, which was fitted with a 25 µm thick 
Be window, was placed at 45 degrees to the normal to detect X-rays. An additional 
pin-hole filter, which is 1700 µm thick and has 2% hole area, was employed to 
reduce the transmission of low energy X-rays generated from high cross-sections. 
The pin-hole filter was supported by a 4 µm thick mylar film. Every sample was 
investigated until it had been charged to 10 µC.    The PIXE spectrum for the as-
polished specimen involving nominal concentration of 1.00 at.% of Ta is shown in 
Figure 4.6 as an example. 
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Figure 4.6 PIXE spectrum for Ta-doped TiO2 involving 1 at% Ta of nominal 
concentration. 
 
 
Table 4.1 The content of tantalum in the studied specimens of Ta-doped TiO2 
according to the PIXE analysis. 
Intentional  0.1 at% 0.5 at% 1.0 at% 
PIXE data 0.12 at% 0.39 at% 0.94 at% 
 
4.3.2 Surface Analysis using X-Ray Photoelectron Spectroscopy Technique  
XPS analysis was performed using the Kα X-ray photoelectron spectrometer from 
Thermo Fischer Scientific. The monochromated beam was focussed to a spot size of 
400 µm. An initial broad survey spectrum at 100 eV pass energy confirmed the 
cleanliness of the surface. Detailed high resolution scans were then recorded in the 
titanium oxide binding energy region. Excessive charging of the samples was 
minimized using an electron flood gun. Small charge corrections were made by 
shifting the C1s peak to 285 eV. The surface concentrations of the elements present 
were calculated using the elemental sensitivity factors. 
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4.4 Scanning Electron Microscopy (SEM) 
Surface morphology was determined using a scanning electron microscope 
(SEM). In order to prevent the charging effect, a layer of 5 nm of carbon was 
deposited on the surface of the specimen. The deposition of carbon was performed in 
vacuum mounting the specimens with a conductive carbon adhesive. The SEM 
micrographs were determined using a Zeiss Ultra Plus with an attached Oxford 
Instruments X-ray microanalysis system. The SEM was operated at an accelerating 
voltage of 10 kV, all images were captured using the in-lens secondary electron 
detector. 
4.5 Optical Band Gap   
The reflectance spectra for the determination of band gap of the studied TiO2 
specimens were measured using an Agilent Cary 5000 UV−vis−NIR 
spectrophotometer in the diffuse reflectance (DRA-2500) mode. Calibration was 
performed using a standard specimen (Spectralon) that was mounted at the reference 
port. The specimens in the form of pellets were mounted at the sample port. 
Reflectance spectra were recorded within the wavelength range 300−800 nm at a 
scan rate of 600nm/min. The spectra were used for the determination of the band gap 
using the Tauc method [153, 154]. The spectra are discussed in the Results and 
Discussion section. 
4.6 Photocatalytic Activity 
The photocatalytic properties were determined using a photo-reactor (Figure 
4.7). The main part of the photo-reactor was a glass beaker containing the MB water 
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solution with an initial MB concentration of 1 × 10−5 mol/l. The specimen was 
immersed in the solution and supported by a Teflon sample holder. The solution was 
stirred to remove concentration gradients. The reactor was located under a solar 
simulator (Type Oriel So13A, model 94043A) equipped with a 450 W lamp. The 
distance between the light source and the surface of the water solution was 
maintained at 10 cm which corresponded to a light intensity of 1 Sun. The volume of 
MB water solution in the photo-reactor was maintained at 10 ml. The progress of the 
oxidation reaction was monitored by spectrophotometric determination of the MB 
concentration. 
 
Figure 4.7 Schematic representation of the photo-reactor for the light-induced 
oxidation of MB. A 450 W xenon lamp was used as the light source in the Oriel solar 
simulator. 
The photo-reactor was first placed in the dark for 2 hours to allow absorption of 
the MB solution. The system was then exposed to light and the following procedure 
was used for monitoring the reaction progress: (i) 3 ml aliquots of the MB solution 
were taken from the photo-reactor every 15 min and transferred into fused silica 
micro-cuvettes. (ii) The change of the MB concentration was determined from the 
change of the absorbance peak at ~ 666 nm (using the Beer-Lambert law [153]). (iii) 
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The aliquots were returned to the photo-reactor to restore the initial volume. (iv) The 
measurements continued until complete decolourization of the solution in the photo-
reactor. 
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CHAPTER FIVE 
5 Results and Discussion 
5.1 Electrical Properties  
This chapter discusses the determination of the semiconducting properties and the 
related defect disorder of Ta-doped TiO2. The studies were performed using the 
measurements of the electrical properties, which were sensitive to defect disorder, 
such as electrical conductivity and thermoelectric power. These electrical properties 
were used for in situ monitoring of the defect disorder during processing at elevated 
temperatures in order to determine the optimal conditions of the processing 
procedure that would lead to enhanced performance.   
5.1.1 Morphology 
The SEM micrographs of both pure and Ta-doped TiO2 after polishing and 
annealing as well as Ta-doped TiO2 after the electrical conductivity measurements 
are shown in Figure 5.1. 
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Figure 5.1 The SEM micrographs for (a) pure TiO2 as well as Ta-doped TiO2, 
including (b) the specimen after polishing and subsequent annealing at 1273 K for 2 
h and (c) the specimen after all oxidation and reduction runs associated with the 
electrical conductivity measurements - magnification of 2000. 
As shown in Figure 5.1, the specimens of pure TiO2 exhibit high density with a 
grain size of 5-60 µm. The addition of tantalum resulted in a reduction in the grain 
size to 2-20 µm. Moreover, the Ta-doped TiO2 exhibited an insignificant level of 
porosity. However, the morphology of the Ta-doped TiO2 after the electrical 
conductivity measurements was entirely different. In the latter case the specimens 
exhibited a lot of small surface islets, scattered along the surface, which were formed 
during the prolonged measurements involved in both the oxidation and reduction 
experiments. 
5.1.2 Bulk Composition 
Bulk composition of the studied specimen was determined using the ANSTO 
facility of proton induced X-ray emission, PIXE, as shown in Figure 5.2.  
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Figure 5.2 The PIXE spectra for pure and the Ta-doped TiO2 (the peaks are related 
to the indicated elements). 
The concentration of specific elements related to different peaks can be 
determined from the surface areas under the related peaks.  The red-line represents 
the spectrum background that was used to determine the content of the elements. The 
list of detected species in the PIXE analysis and the related concentrations for the Ta-
doped TiO2 (0.39 at. %) sample are presented in Table 5.1. 
Table 5.1 The concentration of the elements determined by the PIXE analysis, 
including the element incorporated intentionally (tantalum) and unintentionally 
(contamination). 
Species At.  % 
 Cl 0.12 
 K  0.006 
 Ti  59.82 
 Fe  0.03 
 Ni 0.07 
 Zn  0.004 
 Ta   0.39 
As seen in the spectrum of PIXE, which is shown in Figure 5.2, the 
concentration of intentional dopant (tantalum) in the Ta-doped specimen was 0.39 
at%. As also seen in Table 5.1, the predominant contamination (unintentional 
dopant) was chlorine (0.12 at%), which was unexpected. Possible source for chlorine 
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contamination is the beaker that was used for ultrasonic cleaning of specimens. The 
same beaker was used to make TaCl5 solution previously. Also, impurities in 
precursors, TiO2 (purity ~ 99.97%) & Ta2O5 (purity ~ 99.99%), might be other 
sources for any unintentional elements present in the samples. Mechanism of 
chlorine incorporation into TiO2 lattice may be represented by the following 
Equation: 
 Cl2 ↔ 2𝐶𝑙𝑂• + 𝑉𝑇𝑇′′′′ + 2ℎ•    5-1 
Equation 6-1 shows that chlorine ions were incorporated into the oxygen sites 
which results in the formation of donor levels. It is also evident that the positively 
charged chlorine ions were compensated by titanium vacancies which are charged 
negatively, this result in the formation of electron holes. Therefore, the reaction (6-1) 
results in compensation of the charge related to the electrons formed as a result of 
reaction expressed by the reaction (2-1). 
5.1.3 Effect of Oxygen Activity 
The plots of the isothermal changes of the electrical conductivity (determined in 
equilibrium) with respect to the imposed oxygen activity are represented in Figure 
5.3.  
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Figure 5.3 Electrical conductivity of Ta-doped TiO2 (0.39 at.%) as a function of 
oxygen activity in the temperature range 1173 – 1323 K (dashed lines are the 
extrapolated dependencies). 
As shown, the electrical conductivity changes of polycrystalline Ta-doped TiO2 
in the temperature range 1173-1323 K fall into the three regimes as was the case for 
Nb-doped TiO2. Unfortunately, the experimental data in the middle part of the 
dependence corresponding to Regime II, which is shown by dashed lines, was 
derived by extrapolation since the oxygen activities in this regime were not available 
via the gas flow system applied in this work. However, the extrapolated 
dependences, derived between the boundary conditions of Regimes I and III, confirm 
that the related dependence can be best described by reaction that is governed by the 
charge neutrality represented by Equation (2-2).  In summary, the electrical 
conductivity data confirm that the defect disorder of Ta-doped TiO2 can be explained 
considering the following regimes:  
• Regime I. This regime, corresponding to the strongly reducing regime, is 
governed by the charge neutrality expressed by Equation (2-6) and the related 
exponent of p(O2) is 1⁄mσ =  - 1⁄6.   
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• Regime II. This regime, corresponding to reducing conditions, is governed by 
the condition (2-2). In this regime the electrical conductivity is independent of 
oxygen activity. 
• Regime III. This regime corresponds to the defect disorder model represented 
by equation (2-3) that is governed by the charge neutrality condition (2-4). 
The obtained experimental data for Ta-doped TiO2, compared with the data for 
pure and Nb-doped TiO2 [118, 155], are shown in Figure 5.4.  
 
Figure 5.4 The effect of oxygen activity on the electrical conductivity for pure and 
Ta-doped TiO2 (plotted along Nb-doped TiO2) at 1123 K (a), 1223 K (b), 1273 K (c) 
and 1323 K (d). 
As seen, the character of the log σ vs. log p(O2) dependencies for Ta-doped TiO2 
and Nb-doped TiO2 is very similar within all regimes. As also seen, tantalum has a 
substantial effect on the electrical conductivity within the oxidising and reducing 
regimes. The effect of tantalum can be ignored when oxygen activity is reduced to 
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the level corresponding to the strongly reducing regime. The defect disorder of both 
pure Ta-doped TiO2 and TiO2 is then governed by the intrinsic electronic charge 
neutrality. 
The isothermal changes of thermoelectric power as a function of oxygen activity 
at 1323 K are shown in Figure 5.5.  
 
Figure 5.5 The isothermal dependences of the thermoelectric power as a function of 
oxygen activity for Ta-doped TiO2 in the range 1173 K – 1323 K. 
As seen in Figure 5.5, the slope of S vs. log p(O2), which is similar to that of log 
σ vs. log p(O2) within the oxygen activity regimes as it is represented in Figure 5.4, 
is consistent with the related defect disorders.   
Equation (2-8) may be used in the determination of the Fermi level from the 
thermoelectric power data in a purely n-type regime. This is the case for the 
thermoelectric power data of Ta-doped TiO2 in Figure 5.5 corresponding to the 
strongly reducing regime [p(O2)<10-7 Pa] at 1323 K. The resulting Fermi level is 
represented in Figure 5.6 in comparison with the EF data determined for pure TiO2 
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single crystal at the same temperature. The scale in Figure 5.6 is reflective of the 
relative positions of the EF vs. log p(O2) plots for pure and Ta-doped TiO2. However, 
taking into account that the energy level of niobium is in close vicinity to the 
conduction band [124], and assuming that the absolute value of the energy level of 
tantalum is similar to that of niobium, the values on the y-axis can be considered in 
the first approach as reflective of the distance from the bottom of the conduction 
band.    
 
Figure 5.6 Effect of oxygen on the Fermi level of pure and Ta-doped TiO2 at 1323 
K. 
As seen in Figure 5.6, tantalum results in a substantial increase of the Fermi 
level, which at 1323 K is approximately 0.15 eV. This effect is consistent with the 
energy level of niobium in the TiO2 lattice.    
5.1.4 Temperature Dependence 
Figure 5.7 shows the effect of temperature on the electrical conductivity in both 
reducing (a) and oxidising (b) conditions.   
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Figure 5.7 Isobaric Arrhenius plots for Ta-doped TiO2 in reducing and oxidising 
conditions. 
As seen, the activation energy exhibits the lowest value (33 kJ/mol) for the 
reducing regime that is governed by the extrinsic charge neutrality.  
Figure 5.7 shows the activation energy of the electrical conductivity for Ta-
doped TiO2 in the strongly reducing regime remains in the range of 30-40 kJ/mol for 
Ta-doped and 1-5 kJ/mol for Nb-doped TiO2. As also seen the activation energy 
values in the oxidising regime for both Nb-doped TiO2 and Ta-doped TiO2 are 
similar.  
The effect of oxygen activity on the activation energy of the electrical 
conductivity is shown in Figure 5.8 for Ta-doped TiO2 along with the data for pure 
TiO2 and Nb-doped TiO2. In the calculation of Eσ, the mobility term, ΔHm, is 
considered the same as for Nb-doped TiO2 which is 0.7 kJ/mol [156]. 
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Figure 5.8 Effect of oxygen activity on the activation energy of electrical 
conductivity. 
As seen, the activation energy for pure TiO2 increases with the decrease of 
oxygen activity showing a tendency to achieve a maximum, at the level of over 215 
kJ/mol within the ionic charge compensation regime. Imposition of strongly reducing 
conditions, governed by the electronic charge compensation, results in a drop of the 
activation energy to 170 kJ/mol. A reduction of Ta-TiO2 in oxidising conditions 
(ionic charge compensation) leads to an insignificant decrease of the activation 
energy from to the level of 55 kJ/mol to 40 kJ/mol. The effects for Nb-doped TiO2 
are similar. However, the effects of tantalum and niobium on the activation energy 
are entirely different.  
The activation energy in the two regimes can be considered in terms of the 
enthalpy of formation. These are shown in Figure 5.9.  
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Figure 5.9 The effect of oxygen activity on the enthalpy of defect formation of TiO2. 
Figure 5.9 depicts the effect of oxygen activity on the enthalpy term of defect 
formation, ∆Hf, for TiO2 and Ta-doped TiO2. ∆Hf was determined using the electrical 
conductivity data represented in Figure 5.8 considering the following assumptions:  
• The value for mσ is 6 and 4 for low and high p(O2), respectively. 
• The mobility term is independent of oxygen activity, p(O2). 
As seen in Figure 5.9, the enthalpy term for pure TiO2 decreases with decreasing 
p(O2) from 100 kJ/mol at 105 Pa to 20 kJ/mol at 1 Pa. As seen, the effect of niobium 
on the ∆Hf term is similar. However, the observation is completely different in case 
of strongly reducing conditions. It is found that the enthalpy term, ΔHf, for Ta-doped 
TiO2, which at p(O2) = 10-11 kJ/mol assumes 106 kJ/mol, decreases to 82 kJ/mol at 
109 Pa. It is also observed that the changes in ∆Hf term with respect to imposed 
oxygen activity for Nb-doped TiO2 is entirely different in terms of its absolute values 
and the effect of oxygen. These results indicate that the oxygen activity 
corresponding to the boundaries between the defect disorder regimes for tantalum 
and niobium in the strongly reducing regime are different as well.   
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5.1.5 Impact of Defect Disorder on Photocatalytic Energy Conversion 
The electrical properties determined in the present work may be concluded in the 
following points on the effect of the KPPs for the solar-to-chemical energy 
conversion: 
i. The incorporation of tantalum into TiO2 results in the formation of titanium 
vacancies, which are the active sites for water adsorption.  
ii. Tantalum results in an increase in charge transport. The effect is most 
substantial in reducing conditions when tantalum results in defect disorder 
that is governed by electronic charge compensation. The effect of tantalum on 
charge transport is less substantial in oxidising regimes when tantalum leads 
to the defect disorder that is governed by ionic compensation. On the other 
hand, however, in this regime tantalum has a major effect on the 
concentration of titanium vacancies. The effect of tantalum on conduction 
and the concentration of titanium vacancies is least substantial in the strongly 
reducing regime.  
iii. Tantalum results in an increase of the Fermi level.    
5.2 Photocatalytic Properties 
5.2.1 Surface Morphology 
SEM micrographs of the specimens annealed in air at 1373 K and 1673 K are 
shown in Figure 5.10.  
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Figure 5.10 SEM micrographs of the TiO2-based specimens annealed at 1373 K and 
1673 K in air (magnification 104), including: pure TiO2 and Ta-doped TiO2, 
involving 0.1, 0.5 and 1.0 at. % of tantalum. 
As can be seen, the annealing temperature has a strong impact on the grain size, 
which remains in the range of 0.5 μm and 2 μm after annealing at 1373 K and 1673 
K, respectively. The SEM images for the specimens annealed at both temperatures 
indicate that the grain size decreases insignificantly with the increasing content of 
tantalum. For the specimens annealed at 1373 K the grains are weakly connected 
forming larger clusters. The related morphology exhibits open porosity. Annealing at 
1673 K results in the formation of higher density ceramics that are free of porosity.     
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5.2.2 Surface Composition 
As the photocatalytic activity is determined by surface properties, the effect of 
composition on photocatalytic properties must be determined in terms of the 
tantalum content in the surface layer. The results of the XPS surface analysis are 
shown in Figure 5.11. 
 
Figure 5.11 XPS spectra for Ta-doped TiO2 annealed at 1373 K and 1673 K in 
air. 
The results of surface composition, obtained by the XPS analysis, and the bulk 
concentration data, determined by PIXE, are summarised in Table 5.2. The results in 
Table 5.2 were used in derivation of the dependence between the bulk concentration 
based on PIXE and the segregation-induced surface concentration of tantalum based 
on the XPS data (Figure 5.12).  
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Table 5.2 Bulk and surface concentration of tantalum, expressed as an atomic 
percentage, in the Ta-doped TiO2 specimens determined using PIXE and XPS 
analysis, respectively. 
Bulk content, PIXE, [at. %] Surface content, XPS, [at. %] 1373 K 1673 K 
0.12 0.07 0.00 
0.39 0.69  
0.94 1.40 0.44 
 
 
 
Figure 5.12 The surface versus bulk concentration of tantalum in Ta-doped TiO2 
annealed at 1373 K and 1673 K in air (the dashed straight line denotes the bulk 
reference level). 
As can be seen, annealing of the specimens at 1373 K results in an enrichment of 
tantalum. However, annealing at 1673 K leads to a depletion of tantalum in the 
surface layer (6 nm). 
5.2.3 Optical Properties  
Reflectance (R) was measured as a function of wavelength in the range of 300-
800 nm (4.13 – 1.55 eV). The reflectance spectra of the studied Ta-doped TiO2 
samples, along with the spectrum for the standard specimen are shown in Figure 
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5.13 (it is assumed that the standard specimen of Spectralon, which is used for 
calibration, exhibits 100% of reflectance). 
 
Figure 5.13 Reflectance spectra of the studied Ta-doped TiO2 specimens. 
It is found that increase of tantalum concentration results in a blue shift in the 
absorption edges (towards higher energy). The optical absorption coefficient, α, was 
determined from the reflectance data using the Kubelka–Munk function [69, 154, 
157, 158] (assuming that the scattering coefficient remains constant):  
( ) ( )
sR
R
RF
α
=
−
=
2
1 2      5-2 
where the scattering coefficient, s, is assumed independent of wavelength. Both 
direct and indirect values of the band gap, Eg, were determined in the present work. 
The reflectance spectra and the related Tauc plots of [F(R)hv]1/2 versus the photon 
energy (hv) performed for indirect transitions are shown in Figure 5.14.  
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Figure 5.14 Plots of [F(R)hv]1/2 vs hv for the indirect band gap transitions of (a) pure 
TiO2 and Ta-doped TiO2 containing (b) 0.1, (c), 0.5 and (d) 1.0 at. % of tantalum, 
respectively. 
Since the low energy tails (baselines) do not fall to zero in these cases, the band 
gaps should be calculated from the intersecting point of the two tangent lines. The 
band gap, Eg, was determined from the value on the axis of the abscissa 
corresponding to the point of intersection. The photon energy was calculated from 
the relation hv = (1239.8/λ) [eV], where λ is the wavelength of the incident light in 
nanometres. The obtained band gap, Eg, for pure TiO2 and Ta-doped TiO2 are shown 
in Table 5.3. 
Table 5.3 The effect of tantalum on the band gap of TiO2 according to the Kubelka-
Munk formalism assuming [F(R∞) hv]2 =A (hv-Eg) and [F(R∞) hv]1/2 = A (hv-Eg) for 
direct and indirect transitions, respectively, where A is an arbitrary parameter. 
Content of 
Ta [at. %] 
Indirect Bandgap, Eg [eV] Direct Bandgap, Eg [eV] 
Annealing: Air [p(O2) = 21 kPa] Annealing: Air [p(O2) = 21 kPa] 
1373 K 1673 K 1373 K 1673 K 
0 2.95 2.85 3.01 2.87 
0.1 3.01 2.95 3.10 2.93 
0.5 3.01 2.95 3.10 2.95 
1.0 3.01 2.95 3.11 3.93 
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The effect of composition on the band gap for both series of specimens is shown 
in Figure 5.15. 
 
Figure 5.15 The effect of tantalum concentration on the band gap of TiO2. 
5.2.4 Photocatalytic Degradation on Methylene Blue   
The spectra representing the photocatalytic decomposition of MB in terms of 
absorbance as a function of wavelength for Ta-doped TiO2 are shown in Figure 5.16. 
The spectra were collected for 1.0 at% Ta-doped TiO2 specimen and represented here 
as an example.  
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Figure 5.16 The UV–Vis spectra representing the decomposition of MB in the dark 
and in the presence of light as a function of wavelength for (a) pure TiO2 and (b) Ta-
doped TiO2 containing 1 at% Ta. The maxima of the absorption peaks decrease with 
increasing reaction time from t=0 to 150 min. 
The spectrum in the dark is related to the adsorption of MB on the surface of the 
photocatalyst. As can be seen, the ceramic samples are able to absorb 18% of MB 
from the solution into the open pores within 2 h. The absorbance spectra are 
characteristic of the organic compound used for testing. The progress of reaction 
associated with the decolourization was recorded as the change in the intensity of the 
absorption peak at 666 nm. The successive decrease in the absorption peaks over 
time indicates the degradation progress of MB dye in the solution. 
The photocatalytic process is a first order process and the reaction rate may be 
estimated by plotting ln (Co/Ct) versus t where Co and Ct denote the concentrations at 
the beginning and time t, respectively as shown in Figure 5.17. The tangent of the 
resulting linear dependence may be considered as a rate constant of the process, 
which is represented in the inset of Figure 5.18.  
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Figure 5.17 The pseudo first order kinetics of decomposition of MB for Ta-doped 
TiO2 specimens annealed at 1373 K and 1673 K. 
As can be seen in Figure 5.18, the effect of tantalum on the reaction rate, Rd, is 
substantial for the specimens annealed at 1373 K. However, there is negligible effect 
for the specimens annealed at 1673 K. This difference reflects the effect of 
processing temperature on the photoreactivity and is discussed below in terms of the 
influence of segregation on the structure of the studied solid/liquid interface. In 
summary, the performance of Ta-doped TiO2 is superior to that of pure TiO2. The 
performance of both pure TiO2 and Ta-doped TiO2 annealed at 1373 K is 
substantially better than that annealed at 1673 K. And the activity of Ta-doped TiO2 
annealed at 1673 K exhibits a maximum at 0.1 at% Ta and then decreases at higher 
concentrations. Further, the activity of Ta-doped TiO2 annealed at 1373 K exhibits 
substantially larger activity that increases with tantalum concentration. 
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Figure 5.18 The effect of composition of Ta-doped TiO2 on the rate constant for 
photocatalytic degradation of methylene blue at 1373 K and 1673 K (the inset 
represents the effect of tantalum concentration on the rate constant). 
Figure 5.19 compares photocatalytic performance of Ta-doped TiO2 to other 
reported compositions. As can be seen, degradation rate of Methylene Blue for Ta-
doped TiO2 processed in oxidizing condition is much higher.  
 
Figure 5.19 Effect of different dopants on the photocatalytic performance of TiO2. 
Photocatalytic performance was determined by the degradation rate of Methylene 
Blue (MB). 
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5.2.5 Reaction Mechanism 
5.2.5.1 Pure TiO2  
 As can be seen in Figure 5.18, the light-induced reactivity of pure TiO2 annealed 
in air at 1373 K is superior to that annealed at 1673 K. The difference between the 
two may relate to defect disorder and the associated KPPs, including the bandgap, 
the concentration of surface active sites (titanium vacancies), the charge transport 
(determined by the concentration of electronic charge carriers), the Fermi level and 
the related charge transfer. The performance should be considered in terms of 
competition between all KPPs. Their individual effects on the photocatalytic activity 
depends on a number of factors, such as surface vs. bulk composition, imposed 
oxygen activity and concentration of extrinsic solutes, surface area, pH of the 
aqueous electrolyte, light intensity and temperature.   
The photocatalytic properties can be considered in terms of the charge transfer 
model that assumes that the key anodic sites for the reactivity of TiO2 with water are 
titanium vacancies [159]. This model considers the photocatalytic pathway involving 
an active complex, which is formed as a result of reaction between the electron hole, 
a water molecule and a fully ionised titanium vacancy leading to the formation of 
trivalent vacancy (see Table 2.2 and section 3.1)  
One should expect that high efficiency of the anodic reactions requires that the 
water molecule is adsorbed at, or in the vicinity of the titanium vacancy. Therefore, 
the efficiency depends on the surface population of the vacancies. The rate of the 
cathodic reaction is less sensitive to the adsorption location of the oxygen molecules 
since the quasi-free electrons are available along the entire titanium sublattice. 
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The difference in the observed photoreactivity of TiO2 with water at 1373 K and 
1673 K may be considered in terms of the effect of the sintering temperature on the 
surface area and the associated decrease in surface population of titanium vacancies 
forming the reaction active sites. The effect of annealing temperature on surface 
morphology is schematically represented in Figure 5.20. 
 
Figure 5.20 Schematic representation of the effect of temperature on microstructure 
of the polycrystalline specimen and the related surface area. 
The effect of the annealing temperature on reactivity and performance may also 
be considered in terms of the local structure of H4TiO4, which is formed at the TiO2-
water interface [97]. One may expect that properties of this interface layer, which 
controls the charge transfer depends on the annealing temperature. The general 
model of the charge transfer for water oxidation by Ta-doped TiO2 is essentially the 
same as that for pure TiO2 however, the contribution of the specific KPPs related to 
the charge transfer is entirely different. 
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5.2.5.2 Ta-Doped TiO2 
As can be seen in Figure 5.18, the photoreactivity of Ta-doped TiO2 annealed at 
1373 K is markedly larger than that annealed at 1673 K. The difference can be 
attributed to the effect of temperature on the defect related KPPs. In this work we 
show that the data in Figure 5.18 were determined by the KPPs alternative to the 
band gap. 
5.2.5.2.1 Concentration of Surface Active Sites 
The presence of surface active sites is crucial for the progress of catalytic and 
photocatalytic reactions. Such sites lead to the formation of a localised electric field 
that interacts with the species that are adsorbed in the closest vicinity of the active 
site. This subsection considers the effect of tantalum ions incorporated into the cation 
sublattice of TiO2. As can be seen in the reaction scheme (2-3), tantalum 
incorporation  in oxidising conditions results in the formation of titanium vacancies, 
which are the anodic active surface sites for water oxidation [137]. The charge 
neutrality condition of the system requires that the accumulated negative charge is 
removed at the cathodic sites according to the reaction scheme (1-3).  
The enhanced performance for the specimens annealed at 1373 K in Figure 5.18 
could be considered in terms of the effect of tantalum surface segregation on defect 
disorder of the surface layer and its interaction with water [134]. The enrichment in 
tantalum concentration at surface layer is represented schematically in Figure 5.21, 
which may be considered as a solid solution within the rutile structure. However, as 
seen in Figure 5.12, the picture of the specimens annealed at 1673 K is different. In 
this case the segregation-induced enrichment of tantalum is much weaker than that at 
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1373 K.  As a result of the concentration titanium vacancies, which are formed 
according to the reaction expressed by Equation (2-3), is much lower. Consequently, 
the data in Figure 5.12 may be considered as strong evidence that the reduced 
photocatalytic performance shown in Figure 5.15 is determined by the concentration 
of titanium vacancies, which is reduced either by evaporation during processing or 
reduced tantalum segregation.   
  
Figure 5.21 Schematic representation of the effect of segregation of tantalum on the 
enrichment of the surface layer of Ta-doped TiO2 (rutile) in tantalum. 
5.2.5.2.2 Charge Transport 
The light-induced electronic charge carriers are formed at the light penetration 
depth beneath the surface. These charge carriers are then transported to the reactive 
sites that are located at the surface. The rate of the charge transport may have an 
impact on photocatalytic activity. Equation (2-1) shows the incorporation mechanism 
of tantalum in reducing conditions which enhances the concentration of the 
electronic charge carriers. However, under the oxidation conditions applied in 
processing the specimen in this work, the incorporation of tantalum mainly results in 
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an increase of the concentration of titanium vacancies. Therefore, the effect of 
tantalum concentration on the performance, which can be seen in Figure 5.18, 
should be related to the influence of the concentration of surface active sites rather 
than the effect of charge transport. 
5.2.5.2.3 Fermi Level 
The incorporation of tantalum has resulted in shifting the Fermi level (EF) 
position. The extent of the change is determined by the change in the concentration 
of electrons, n:    
EF = 𝑐𝑐𝑛𝑐𝑐 + kT𝑙𝑛 𝑛𝑁𝑛    5-3 
where Nn represents density of electron states. The incorporation of tantalum into 
TiO2, which leads to the formation of donor-type energy levels, results in an increase 
of the Fermi level. This results in enhanced cathodic performance. However, taking 
into account that the water oxidation rate is determined by anodic reaction, the effect 
of tantalum on the performance seems to be dominated by the concentration of 
titanium vacancies rather than the changes in the Fermi level.  
5.2.5.2.4 Band Gap 
As can be seen in Figure 5.15, the introduction of tantalum results in a sudden 
increase in the band gap. At the same time, the light absorption decreases since the 
band gap increases in the range 0.1 – 1.0 at% Ta. Therefore, the enhanced 
performance is determined by an alternative KPP rather than absorption of a greater 
range of photon energies, as would occur for a smaller band gap. There is certainly a 
reduction in the range of photon energies absorbed due to the larger bandgap. It is 
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rather that the increased activity due to increased titanium vacancies outweighs this 
reduction in absorption.    
5.2.5.2.5 Theoretical Model 
Figure 5.22 represents the water oxidation mechanism for Ta-doped TiO2.  As 
can be seen, the adsorption of a water molecule on a titanium vacancy results in the 
formation of an active complex and the removal of an electron from the water. 
Complex dissociation produces hydroxyl radicals leading to oxidation of MB. The 
excess of electrons is removed by the Ti3+ surface ions forming cathodic sites. The 
charge neutrality of the photocatalytic system is satisfied by a reduction of the 
adsorbed molecular oxygen leading to the formation of singly ionised superoxide 
radicals, which are involved in the oxidation of MB. The protons are involved in the 
subsequent reaction leading to the formation of hydrogen peroxide that is also 
involved in the oxidation of MB.  
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Figure 5.22 A model illustrating water oxidation at the surface of Ta-doped TiO2 
and the role of point defects in the reaction mechanism of TiO2/water. Microbial cell 
represents the reaction with MB. 
 
 
5.3 Summary  
The following points can be made based on the above results: 
• In oxidizing condition, tantalum incorporated following substitution 
mechanism resulting in the formation of donor.  
• In strongly reducing regime, oxygen vacancies are predominant defects. 
• Photocatalytic properties are determined by a range properties closely related 
to the lattice imperfection. 
• Titanium vacancies are active sites for photocatalytic reaction. 
• Band gap is not controlling photocatalytic performance. 
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CHAPTER SIX  
6 Summary and Conclusions  
The present PhD research project, which is a part of the PhD research program of 
WSU Solar Energy Technologies, studied the effect of structural defects on 
photocatalytic properties of TiO2-based semiconductors. The related defect disorder 
was modified in two ways: through imposition of controlled oxygen activity in the 
oxide lattice, leading to changes in the concentration of intrinsic defects, and 
incorporation of tantalum into the TiO2 lattice, leading to a change in extrinsic defect 
disorder. The results indicate that the photocatalytic performance is profoundly 
affected by a range of defect-related properties. The predominant effect is between 
the photocatalytic activity and the concentration of surface active sites formed by 
titanium vacancies. A summary of the key findings are listed below: 
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• The slope of -1/4 for the log σ vs. log p(O2) plot in oxidising conditions 
[p(O2)>1 Pa]  is consistent with the substitution mechanism of tantalum 
incorporation leading to the formation of donors.   
• The slope of -1/6 for the log σ vs. log p(O2) plot in the strongly reducing 
conditions [p(O2) < 10-8 Pa] indicates that the defect disorder is determined by 
intrinsic defects and the effect of tantalum, present at the level of 0.39 at%, 
may be ignored. 
• The experimental set-up applied in this work did not allow for imposition of 
the oxygen activity corresponding to the range 10-8 at% < p(O2) <1 Pa. 
However, the extreme absolute values of the electrical conductivity and the 
thermoelectric power corresponding to the neighbouring regimes (the latter 
are almost identical) indicates that the defect disorder of Ta-doped TiO2 in 
reducing conditions is governed by the extrinsic electronic charge 
compensation. 
• The photocatalytic activity of oxide semiconductors is determined by a range 
of KPPs, including the concentration of surface active sites, charge transport, 
Fermi level and band gap.  
• All these KPPs are closely related to defect disorder. Therefore, these 
properties may be modified by a change of defect disorder.  
• The rate controlling reaction step of the photocatalytic water oxidation is the 
anodic reaction leading to the removal of electrons from water molecules. 
• The best photocatalytic performance observed for the Ta-doped TiO2 at 1373 
K is achieved as a result of optimal values of the two KPPs: the concentration 
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of surface active sites and the charge transport. Both KPPs are enhanced as a 
result of tantalum incorporation. 
The determined effects pave the way for the development of defect engineering 
that can be applied in processing high-performance photocatalysts that are based on 
oxide semiconductors. This kind of engineering allows the modification of the 
performance-related properties in order to impose optimal defect disorder that is 
required for enhanced photocatalytic performance.  
The present work indicates that there is a substantial space for expansion of the 
present applications of solar energy technologies that are focused on solar-to-
chemical energy conversion. Specifically it has been shown that solar energy may 
also be used in the development of water purification technologies using sunlight as 
the only driving force of water treatment processes.  
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Supplementary Materials   
 
 
The UV–Vis spectra representing the decomposition of MB in dark and in the 
presence of light as a function of wavelength for Ta-doped TiO2 (0.1 at%). 
 
 
The UV–Vis spectra representing the decomposition of MB in dark and in the 
presence of light as a function of wavelength for Ta-doped TiO2 (0.5 at%). 
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The UV–Vis spectra representing the decomposition of MB in dark and in the 
presence of light as a function of wavelength for pure TiO2. 
 
 
 
The UV–Vis spectra representing the decomposition of MB in dark and in the 
presence of light as a function of wavelength for Ta-doped TiO2 (0.1 at%). 
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The UV–Vis spectra representing the decomposition of MB in dark and in the 
presence of light as a function of wavelength for Ta-doped TiO2 (1.0 at%) 
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Direct band gap  
  
  
Plots of [F(R)hv]2 vs hv for the direct band gap transitions of (a) pure TiO2 and Ta-
doped TiO2 containing (b) 0.1, (c), 0.5 and (d) 1.0 at. % of tantalum, respectively. 
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